Anodic oxidation of oligodeoxyribonucleotide in an alkaline aqueous medium containing tris(2,2′-bipyridine)ruthenium(II) (Ru(bpy)3 2+ ) was shown to cause luminescence around +1.3 V (vs. Ag/AgCl) with a maximal intensity at approximately 600 nm, possibly originating from Ru(bpy)3 2+ in the d-π* triplet state. A pivotal initial stage in the light production path was postulated to be the anodic oxidation of 2-deoxyribose residue. This reaction seems to be available for the determination of sub-μmol dm -3 levels of oligodeoxyribonucleotide.
Introduction
Anodic oxidation of hydroxy compounds, such as mono-and polyalcohols and saccharides, in an alkaline aqueous medium has been shown to cause a weak luminescence in the visible region peaking around 530 nm. This reaction is attributed to an excited carbonyl intermediate formed via anodic oxidation of a hydroxy group. [1] [2] [3] The luminescence intensity is markedly enhanced by adding μmol dm -3 level of fluorescer to the reaction; the luminescence spectrum is in good agreement with the fluorescence spectrum of the fluorescer added. [2] [3] [4] The enhanced luminescence was applied to the detector system of HPLC analysis of various alcohols and saccharides. [5] [6] [7] Considering that DNA molecules, being composed of deoxyribonucleotides (hereinafter, referred to as simply nucleotides) via phosphorylation bonds, carry a hydroxy group at 3′-end, it was anticipated that DNA molecules would be subject to the light emissive oxidation at an electrode in the presence of a suitable activator, such as a fluorescer or phosphorescer.
In the light of this and on the basis of the knowledge obtained to date, the anodic process of oligodeoxyribonucleotide (referred to as oligonucleotide) in an aqueous alkaline solution has been characterized from the viewpoint of light production in this study.
Experimental

Chemicals
Nucleosides (adenosine-5′-monophosphate (AMP), thymine-5′-monophosphate (TMP), guanosine-5′-monophosphate (GMP), cytidine-5′-monophosphate (CMP)), nucleic acid bases (adenine, thymine, guanine and cytosine) and 2-deoxyribose were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Nucleotides (2′-deoxyadenosine-5′-monophosphate (dAMP), 2′-deoxythymine-5′-monophosphate (dTMP), 2′-deoxyguanosine-5′-monophosphate (dGMP), 2′-deoxycytidine-5′-monophosphate (dCMP)) were from Nacalai Tesque (Kyoto, Japan). Potassium hydroxide used was Fluka's MicroSelect ® (Buchs, Switzerland). Ru(bpy)3 2+ as chloride salt was from Sigma Aldrich (Saint Louis, USA). Oligonucleotides with single 7 and 20 nucleotides, referred to as d(X)n (X, A, T, G and C; n, 7 and 20) were purchased from Sigma Aldrich Japan, Genosys Division (Tokyo, Japan). All solutions were prepared using deionized and distilled water.
Cyclic voltammetry (CV)
CV measurements were carried out by a Model HSV-100 automatic polarization system (Hokuto Denko Co., Tokyo, Japan) at 23 ± 1˚C. Luminescence intensity against applied potential (Eappl) was recorded during CV measurement using a home-made opto-electrochemical cell with a stationary glassy carbon working electrode (5.0 mm in diameter). 8 The counter electrode was a piece of Pt wire (0.5 mm in diameter). Eappl was monitored with respect to a Ag/AgCl (3 mol dm -3 KCl) reference electrode. The volume of a sample solution was fixed at 1.0 mdm 3 .
Spectral measurement
Anodically triggered luminescence spectra were recorded with a Model 5300PC spectrofluorophotometer (Shimadzu, Kyoto, Japan) with the excitation light off during a potential scan at 2 mV s -1 . Photoluminescence spectra of the reaction mixture before and after the electrode process were recorded on the same spectrofluorophotometer.
Results and Discussion
Profiles of anodically triggered luminescence from the mixtures of each oligonucleotide and Ru(bpy)3 2+ in 0.50 mol dm -3 KOH as a function of Eappl, recorded simultaneously with CV measurement at 20 mV s -1 , are shown in Fig. 1 . In common with all systems, the luminescence was initiated at about +1.1 V, where a gradual and irreversible anodic wave began to occur, and the light intensity reached its maximum at about +1.35 V. The luminescence observed during the backward potential scan was nearly background level. As depicted in Fig. 1 curve b, Ru(bpy)3 2+ solution free from oligonucleotide gave rise to a weak luminescence peaking at about +1.35 V. Unlike the system with saccharide or polyalcohol, 1,2 no light was detected in the oligonucleotide solution free from activator in an anodic process ( Fig. 1 , curve a in both panels). Table 1 summarizes the apparent efficiency (φapp), obtained by dividing the integrated luminescence intensity in the range of +1.00 V to +1.55 V with the corresponding net electric charge. It seems that the φapp values for the systems with different oligonucleotides are on the similar level irrespective of chain length and nucleotide content.
It was, however, found that lowering the potential scan rate to 2 mV s -1 caused a new luminescence peak at about +1.15 V, although the total intensity decreased (Fig. 2) . Contrary to the large change in luminescence-Eappl profiles, the corresponding anodic wave gave no appreciable change that would be indicative of the appearance of a new luminescence peak (CV curves, not shown). The decrease in luminescence intensity observed at 2 mV s -1 may be related to the slow scan which results in lowering the rate of the anodic process. To clarify an initial stage of the light production path, we examined the electrode process of a Ru(bpy)3 2+ solution in the presence of 2-deoxyribose, nucleic acid bases, nucleosides or nucleotides individually. Figure 3 shows the representative luminescence-Eappl profiles and the corresponding anodic waves, both of which are cut off from the original curves obtained during the forward potential scan in the range of 0 V to +1.55 V. From the observation that a mixture of 2-deoxyribose and Ru(bpy)3 2+ (Fig. 3 , curve b) exhibited a shoulder luminescence around +1.1 V, accompanied by a luminescence peak at approximately +1.3 V, it is reasonable to consider that the oxidative process of 2-deoxyribose is indispensable for the light production, although the corresponding anodic wave is not so evidently observed around +1.1 V (Fig. 3 inset, curve b) .
Regarding nucleic acid bases, luminescence was generated especially when thymine was oxidized in the presence of Ru(bpy)3 2+ (Fig. 3, curve c) . In this case, a luminescence peak Luminescence measured was in the entire visible region. CV curves are not shown. Inset, curves b′, c′ and d′ indicate the corrected luminescence intensities, in which luminescence from Ru(bpy)3 2+ alone (curve a) is deducted. Gray curve e′, in both panels, is the summation of the two luminescence intensities, one is for b′ and the other is for c′. (Fig. 3 inset, curve c) . Based on these obserbations, it can be concluded that anodic oxidation of thymine as well as 2-deoxyribose is to be a primer to trigger the luminescence from the oligonucleotide-Ru(bpy)3 2+ mixture.
The anodic oxidation of a nucleoside solution with Ru(bpy)3
2+
resulted in comparatively strong luminescence, as typically observed in the reaction containing thymidine (Fig. 3, curve d ).
In the system with thymidine, a broad anodic wave was observed around +1.2 V (Fig. 3 inset, curve d) . By contrast, the luminescence from the system with nucleotide was relatively weak (Fig. 3 , curve e). In relation to this, the CV curve for a reaction mixture with a free nucleotide showed little anodic wave around +1.1 V, as typically depicted in Fig. 3 inset, curve e. Considering that alkaline conditions are required to anodically oxidize the hydroxy group on deoxyribose as in the case of alcohols and saccharides, 2, 3 we speculate that either the phosphate group or the phosphodiester bond adjacent to the hydroxy group on 2-deoxyribose residue, possibly giving acidity, somewhat hinders the anodic oxidation of the hydroxy group.
The spectral property of anodically triggered luminescence from the mixture of Ru(bpy)3 2+ with either thymidine or thymine, exhibiting a maximal luminescence (λmax) at about 600 nm, was in good agreement with photoluminescence spectra of the reaction mixture (Fig. 4 inset) . This observation indicates that the luminescence of interest originates from the excited triplet d-π* Ru(bpy)3 2+ . [9] [10] [11] Moreover, the observation that λmax is present at about 600 nm irrespective of the change in Eappl indicates that the light emissive product is only the excited Ru(bpy)3 2+ . During the anodic process, Ru(bpy)3 2+ does not seem to be decomposed because the photoluminescence spectra between before and after the anodic process almost match one another (Fig. 4 inset) . Unfortunately, the spectral distribution of luminescence from the oligonucleotide system was unable to be obtained because of the lack of intensity. It is, however, expected that the excited Ru(bpy)3 2+ is similarly formed.
Assuming that a pivotal initial stage, leading to the luminescence from the mixture of Ru(bpy)3 2+ with oligonucleotide, is the anodic oxidation of the hydroxyl group on 2-deoxyribose residue (Eq. (1)), we expect that a resulting hydroxy radical will successively oxidize neighboring Ru(bpy)3 2+ to Ru(bpy)3 3+ (Eq. (2)). During the anodic potential scan, active hydrous oxide maybe derived on the electrode surface from the adsorbed H2O molecule, as reported previously. 12, 13 If this is the case, then the remaining Ru(bpy)3 2+ is expected to be reduced to Ru(bpy)3 + by virtue of the derived surface active OH group, possibly in its dissociated form (Eq. (3)). If one supposes that both Ru(bpy)3 3+ and Ru(bpy)3 + are formed in the vicinity of the electrode, then they would collide with each other, resulting in the formation of the excited Ru(bpy)3 2+ (Eq. (4)), as reported previously. [14] [15] [16] 2-Deoxyribose-OH -e -⎯→ 2-Deoxyribose-O· + H + 
We also postulated that the derived surface-O· radical is so involved in the light production as to be responsible for the bimodal emission, particularly observed at slow potential scan rate, such as 2 mV s -1 (Fig. 2) . That is, there is a possibility that the surface-O· radical oxidizes both 2-deoxyribose-OH and Ru(bpy)3 2+ to 2-deoxyribose-O· and to Ru(bpy)3 3+ , respectively. Such oxidation reactions might be involved in the light production. As Fig. 1 curve b and Fig. 2 curve a both show, a direct electrooxidation of Ru(bpy)3 2+ to Ru(bpy)3 3+ is also followed by a weak luminescence in combination with the reactions in Eqs. (3) and (4) .
The imino group on a thymine residue would be subjected to anodic oxidation due to the presence of two adjacent electronattractive oxygen atoms of carbonyl groups, leading to luminescence in a similar manner to that stated above. However, the contribution of thymine residue to trigger the luminescence seems to be made small in the oligonucleotide 749 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 system, as judged by the observation that the difference in the φapp values are rather small (Table 1 ).
In conclusion, we have shown that the anodic process of alkaline oligonucleotide solution in the presence of Ru(bpy)3 2+ triggers luminescence. An oxidative process of 2-deoxyribose residue was postulated to be a pivotal reaction, leading to the light production. The luminescence reported here is expected to be a promising signal for the sensitive determination of oligonucleotides. With a view to applying this luminescence to the determination of larger size DNA molecules, further study on the luminescence in terms of both the molecular size and the nucleotide content is required, in addition to clarifying the reaction mechanism.
